The equipment technology to incinerate and in turn recover energy from industrial wastes is reasonably well documented via the manufacturers of the equipment involved. The difficult question for the industrial plant manager is whether the capital investment and operating costs are econom ically justified. This paper will review the styles of incineration and heat recovery systems which are typically applied to industrial wastes -solids, liquids, and gases -and then assess the quantity and type of waste materials which are needed to make the cost of installing that equipment economically justified.
I NTRODUCTI ON
Ten years ago it was rare indeed for an industrial plant in North America to incinerate its own waste and even more rare for any heat recovery equipment to be included. Four years ago or less the larger industrial plants started investigating such systems because the economics were certainly improving in favor of waste in cineration with heat recovery, due simply to the cost of purchased fuel going up so rapidly.
Today, virtually any industrial plan t producing more than a handful of wastes per day should look into any practical means of obtaining a return from that waste. This paper will attempt to provide some ec onomic guidelines -or justification factors -to help answer the question of how much and what kind of wastes are needed to make the investment in incineration-heat recovery machinery worth considering. The wastes which are examined in clude solids, liquids, and gases.
Examples of some currently available designs of incinerators, along with suitable heat recovery equipment, will be used for purposes of illustration of the systems being described. However, it is not the purpose of this paper to assess the designs of equipment available to do these jobs -that tech nology is readily available from the many equip ment companies in the field.
It should also be pointed out that this paper deals with waste quantities which are typical of industrial plants, not municipalities. Thus, for example, in regard to solid waste, rates in the range of 2 tons per day to around 30 tons per day are given the most attention.
The kinds of wastes being considered and their corresponding heating values are given in Table 1 . Note that noncombustible wastes are excluded since this paper deals with incineration plus energy recovery and thus only those wastes which have some energy value are included. Also exclud ed are wastes which are high in halogen content such as PVC plastics or chlorinated hydrocarbon liquids. This is not to say that such wastes can not be incinerated -they most certainly canbut because of the effluent treatment needed the equipment complexity and cost go up appreciably and the economic calculations on which this paper is based become more complex than needed. Also, it may be more profitable to incinerate to recover a chemical such as hydrochloric acid than to re cover energy from such wastes.
The percent or two of halogen bearing wastes which are normally found in typical industrial or municipal wastes will not cause a problem and will not require extra effluent cleanup equipment.
SOLID WASTES
For solid wastes the style of incinerator which we believe meets the needs of most industrial plants best is the two-stage controlled air in cinerator. (See Fig. 1) The principle here is to burn the waste material quietly in the primary chamber with less than theoretical amounts of combustion air. After ignition from an auxiliary burner, the waste is allowed to smoulder and by the absence of a high excess air condition there is no appreciable amount of particulate matter carried out of the primary chamber; only gases such as hydrogen and carbon monoxide are produced due to the pyrolysis taking place. These gases pass through the second stage or afterburner chamber and are and a controlled temperature a very clean exit gas condition is maintained. The exit gas temperature is in the range of 1800 F (1000 C) to 2000 F (1100 C). Stack gas clean-up equipment is generally not needed.
The wastes can be fed continually into the in cineration chamber by the use of ram feeders and interlocking doors; or the unit can be operated on a batch charged basis whereby the waste is placed in it once a day and then the unit is sealed up and goes through an automatic burn cycle. The choice between continuous or batch feeding de pends on the daily waste generation rate of the plant. Roughly speaking, more than 2-3 tons per day will justify continuous feeding, especially
if heat recovery is to be considered.
Shredding or hogging of the solid wastes prior to their being fed to the incinerator chamber has value in obtaining a more uniform size and thus a steadier combustion condition, all of which will result in a higher through-put for a given size of incineration chamber. However, shredding equip ment again adds to the cost and is generally not required unless there are wide variations in the physical size of the solid wastes. Also, some types of plastic scrap will simply not shred.
The noncombustible or ash portion of the waste will stay in the primary chamber and can either be batch removed or continuously removed, depend ing on the size of the system. This residue will vary from a few percent in the case of plastic scrap to around 10 to 15 percent of refuse which is similar to municipal wastes. It is, of course, very worthwhile for the industrial plant to keep as much noncombustible material out of the waste going to the incinerator as is practical. It obviously involves double handling to place noncombustible material into the incinerator because it is going to need to be removed later and the cost of ash removal needs to be con sidered in the economic calculations.
LIQUI D WASTES
Liquid wastes to be incinerated fall generally into two broad categories: "Rich Wastes" which are those with high enough heating value (8000-9000 Btu/lb) (18,600-2 1,000 kJ/kg) (or higher) to be burned in a manner similar to burning a liquid fuel, and "Lean Wastes" which are usually
FIG. 2 INCINERATOR FOR RICH LIQUID WASTES
water organic mixtures which require an auxiliary fuel to maintain minimum incineration chamber temperatures (1600-1800 F) (900-1000 C).
An incinerator for rich wastes is generally a circular combustion chamber lined with a very good grade of refractory and with an injector head for the liquid and combustion air, which insures very good atomization and mixing (Fig. 2) . The size of the combustion chamber is tailored to the residence time needed for complete oxidation of the organic portion of the waste.
For lean wastes a similar style incineration chamber is usually utilized, but with the addition of an auxiliary burner which is burning a con ventional fuel (Fig. 3) . Here again the size is determined by the necessary residence time.
As mentioned earlier, it is economically important to eliminate, if possible, the need for effluent scrubbing or particulate removal equip ment downstream of the incinerator. Thus, good fIltering of liquid wastes is important to remove noncombustible solids. Also to be avoided are
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liquids which have appreciable percentages of metals, inorganic saits, caustic or other materials which will oxidize in the incineration process and cause a visible plume and air pollution problems, which in turn will require a scrubber or collection system, or both.
With sludges or slurries, which are combinations of liquids and solids -most of which are combus tible -specially designed incineration chambers are usually required. These can take a wide variety of design forms such as rotary hearths, rotary kilns, fluidized beds or stationary hearths, and the style required usually takes a careful survey of the nature of the waste material and its quantity to determine which is best. The technology is avail able.
GASEOUS WASTE
Gaseous wastes are generally either fumes from ovens, dryers, or similar process equipment or are process off-gases, such as H2 S and carbon monox ide, or are gases coming from a vent release system.
In the case of fumes the first consideration is whether or not the situation requires any treat ment to satisfy the air pollution regulations. If a dryer exhaust can be legally released directly to the atmosphere, it should be done that way and no further thought given to incineration or heat recovery. This is because the energy value in such fumes is usually very low and an incineration-heat recovery system could not be economically justifi ed on its own because of the auxiliary fuel needed. However, if incineration is needed, the operating cost can be reduced with a recuperator which pre heats the incoming fumes in a boot-strap fashion (Fig. 4) . This is typically the kind of system , '
FI G. 4 FUME INCINERATOR WITH RECUPERATOR
266 utilized where the effluent problem from an air pollution standpoint is one of odors caused by trace amounts of organics such as phenols or mer captans, and an incineration process can oxidize these materials and produce a clean and non odorous exhaust gas.
If the waste gas is in the 50-100 Btu/f e (1865·3730 kJ/m 3 ) range or higher the incinera tion process becomes basically a continuous gas burning operation (Fig. 5 ). This would consist of a properly designed combustion chamber with an ignition burner operating either continuously or intermittently depending on how close to self sustaining the gas happens to be.
USING THE ENERGY
The various styles of incinerators described above all produce an exit gas in the temperature range of 1500 F (800 C) to 2500 F (1400 C). To make use of this energy, the exit gases should be passed through a heat exchange system so that the heat content is transferred to a fluid that in turn can be blended into other plant or process heating systems. Some examples of the uses pos sible are listed in Table 2 .
We believe that the effiCiency of the heat re covery system should fall in the range of 50 to 65 percent. Higher efficiencies should be considered only if the waste make-up is known to be without potential corrosion problems resulting from the combustion and also is a very consistent make-up. It should be pointed out that an incineration process oxidizes the organics and at the same time produces water vapor. The purpose of the heat re covery system or heat exchanger is to lower the gas temperature as a means of extracting energy. As a general rule of thumb, we feel that stack gas temperatures should always be at 500 F (260 C) or above, and more importantly, that the metal tem perature in the heat exchanger always be main tained at at least 100 F (55 C) or so higher than you think the dew point temperature is. When dealing with a material having any appreciable amount of sulphur, this means keeping the metal temperature at at least 450-500 F (230-260 C).
Thus, a high sulphur waste keeping a metal temper ature of 500 F (260 C) means keeping the stack temperature at 700 F (370 C), perhaps even higher. 
THE ECONOMICS OF HEAT RECOVERY
The question now to be examined is whether or not all of this expensive machinery can be ec onomically justified. We are dealing with invest ments which could start at near $] 00,000 and could easily be several hundred thousand dollars, depending on the size and complexity.
A primary factor involved in such an examina tion is to determine that a place to use the recover ed heat exists in the same plant (or very close to it) where the waste is being incinerated. By using that primary factor, the heat or energy recovered from the waste can be considered as taking the place of purchased fuel. In our calculations, we made use of natural gas as the purchased fuel at a cost of $1.50/1000 ft3 for 1977. We then pro jected to 1980 and used $2.00/1000 ft3.
We also used currently typical removal cost To assess the merits of a potential installation,
we have calculated what we refer to as a "Justifica tion Factor," which is the installed equipment cost divided by the net of the above factors. Thus, In our estimation, a justification factor of 5 or less is needed to allow this kind of an installation to be made. Thus the plant which is operating on a single shift basis producing a couple of tons per day of solid waste cannot justify the kinds of solid waste incinerators we have been describing above; on the other hand, the plant operating three shifts and producing 10 or more tons per day of refuse can clearly justify the investment.
These factors are based on an average heating value for the waste of 10,000 Btu/lb (23,200 kJ/ kg). If a lower heating value waste exists in a particular plant, the justification factor will in crease and, conversely, a higher heating value waste will mean a lower justification factor. For We wish to point out that we have given no credit in the estimated equipment cost used in the above calculation for a situation wherein it is required to add to a plant's heating capabilities by whatever means -for example, the purchase of an additional piece of heat equipment fired with a conventional fuel. This correction would make an appreciable effect on the justification factors given above, usually reducing them by 30-40 percent for such an equipment cost credit.
For liquid wastes, the factors used in our calculations are as follows: The same basis for establishing a "Justification Factor" as used for the solid waste examination is used here, namely the installed equipment cost for incineration with heat recovery divided by net of the cost and savings data listed above.
The results of the liquid waste calculations are given in Table 4 .
Again, a factor of 5 or less is needed, in our
In the above table we have added a column indicating the heating value of the liquid which can vary widely in the case of liquid wastes and thus have a material effect on the economics.
The conclusion to be reached from the liquid waste data is that if a plant produces appreciably less than about 200,000 gal (756 m 3 ) per year (a tanker load per week) it is better off to have that waste removed for disposal by others unless the heating value of the waste approaches that of a fuel oil, namely 14,000 Btu/lb (32,500 kJ/kg) and up. With that kind of a high heating value liquid waste it is usually justified to burn the waste within the plant even if the flow rate is only 100,000 gal (378 m 3 ) per year.
If the waste flow rate is well over a tanker load per week, for example, 500,000 gal (1890 m 3 ) per year, it is clearly justified to incinerate this mate rial within the plant and recover not only the heat energy in the waste but also the energy in the aux iliary fuel required to support the incineration of the waste, in the case of low heating value wastes.
As we indicated in the case of the solid wastes, we did not give credit in the calculation for the factor of having to purchase a fuel fired piece of equipment for reasons of plant capacity needs. Also, in the case of liquid wastes we made no cor rection for the fact that it is often possible to make modifications to the combustion system portion of an existing piece of heat equipment such as a boiler so that it can be fired either partially or entirely with a liquid waste, in which case the equipment cost is only the modifications to the boiler rather than a complete new facility. This would have a substantial effect on the justi fication factors given above and could easily reduce them by 50 percent or more. We are familiar with one installation which was shown diagramatically in one of the earlier figures where a liquid waste incinerator system was added to an existing boiler and the savings in fuel cost alone (without the With regard to waste gases, we will separate our remarks between those gases having a negli gible heating value such as fumes from dryers, etc., as compared to gases which are combustible on their own or nearly so.
For the fumes with little or no heating value, we are first making the premise that an incinera tion system is already required to meet the ap plicable air pollution regulations. Thus, in our calculation the equipment cost used is the "add-on" heat exchanger or heat recovery plus the cost of transporting the heat to the point where it is to be used. No additional fuel cost is used in the calculation because of the heat exchanger.
The "Justification Factor" is therefore the heat recovery equipment cost divided by the equivalent fuel cost for doing the job that the heat recovery section is providing, plus a mainten ance factor. The justification factor will be easily" 1" or less at present and will improve to much less than "1" by 1980. But the flow must be steady.
If the rich gas situation is from an upset condition and thus is unpredictable as to its flow and frequency, it is no doubt being flared at present. The biggest difficulty in recovering heat from this type of a waste gas is for a control
system to be responsive. In all probability a pre heated combustion chamber will be involved and thus a constant burning of purchased fuel which is probably also needed to achieve a reasonably steady recovery of heat. Rather than any attempt at a tabulation of justification factors for this type of unpredictable waste gas situation, our only comment is that if the upset can be shown to oc cur at least once per day and if the heating value of the upset gas is at least 15-20 million BTU (16 to 21 million kJ) per day (not per hour), it is likely that a recovery system is worth considering.
SUMMARY
The data we have presented should help en" courage more activity in the area of industrial waste incineration and heat recovery by moderate and large sized industrial complexes. The economic justification is there -the technology is there. 
FIG.10 WASTE GAS INCINERATOR WITH HEAT EXCHANGER FOR OIL HEATING
Smaller plants which do not themselves produce enough waste to allow the equipment investment needed should be encouraged to investigate the concept of a community effort within, for ex ample, an industrial park. It may be possible to justify a cooperative effort by a modest group of industrial plants. This is, of course, assuming it is possible to work ou t the means of getting the right cooperation from the various industries, the real estate developers, the political factions and the environmental control officials. That may be far more difficult than incinerating the waste.
SOLID NASTES ---------
Case Used:
APPEND IX EXAMPLES OF JUSTIFICATION FACTOR CALCULATIONS
10 tons/day of waste, 6,000 hr/yr 10,000 B tu/lb heatinq value I believe there are a few technical points pre sented in this paper that should be clarified. The method of operation of these units, when solid waste is charged, is critical in both the production of energy and the affect of the effluent gases on the boiler tubes. After subjection to a starved air atmosphere in the primary chamber, the effluent gases entering the secondary chamber (or after burner) definitely have an appreciable amount of particulate carry over. The efficient and auto matic action of the excess air condition and retention time in the secondary is essential to burn off these particulates and produce a clean exit gas (below 0.08 grains of particulate per standard cubic foot of dry flue gas) so that APe equipment will not be required and boiler tube corrosion can be controlled.
There are minimum charging rates at present, below which energy production does not appear practical. This should always be considered on an hourly basis, not daily. A hofmann rule of thumb for an individual waste heat exchanger (or boiler) is 1500 Ib/hr minimum feed of waste to the primary, under the current state of the art.
Further, for energy production, heavy "batch" feeding is impractical. Hofmann rule number two is that, due to the dynamics of volatile release in solid wastes, feeding should be continuous while energy is being produced, either by ram charges or by conveyance automatically. Ram charging may be termed a form of "batch" feeding, but the maximum elapsed time between charges should be no more than 6-7 min.
Hofmann rule number three is that automatic ash removal systems should be installed only when: (a) the quantity of waste charged into a single primary exceeds an average of 40 Ib/min; and (b) continuous 24 hr/day operation is re quired. Under the present state of the art, it can not be justified otherwise. The alternative is obviously 3 hr burn down, and 8 hr cool down, then clean out, in each 24 hr operating period. Thus daily start-up will increase auxiliary fuel about 37 percent.
Rule of thumb number four is that combustion units and boilers (or heat exchangers) must be close-coupled, with automatic control of gas tem-275 perature, pressure, volume and rate into, through, and out of the heat exchanger.
Rule five states that corrosive action on boiler tubes is low only if automatic controls are used to regulate the gas into, through and out of the boiler. Assuming the gas is low in particulates by EPA Method 5 test, it can still have serious corro sive qualities. Gas temperature is then the key factor in reducing tube attack. Entry temperature into the first section of boiler tubes must be held at between 1800 F and 1870 F with waste heat boilers. Exit temperature should never drop below 800 F. To prevent loss of energy production from a high exit temperature, boiler design must be slightly sophisticated (economizers, etc.) so that as much exit heat as possible can be used (re cycled).
Residues from properly designed solid waste combustion systems are lower than stated. By volume they do not exceed 5 percent of the raw, "as received," waste in municipal plants, 2� per cent of institutional waste, and 3� to 5 percent of "average" industrial waste.
Heat recovery of the latest solid waste systems is higher than stated. The total system efficiencies (Btu value of charged waste, less auxiliary fuel input, compared to steam produced) averages between 65 percent and 73 percent depending on the system design and the component manufac turers. The input into total energy of the auxiliary fuel does not exceed 3� percent with the best designed 1978 systems using 24 hr/day cycles, and less than 1 percent when automatic ash removal/continuous loading systems are used. Further, under the present state of the art effi ciencies deteriorate when steam pressures over 150 psig are desired, due to the current designs of the waste heat boilers being coupled to the combustors.
The economics are really more complicated than the formula used in this paper would indicate. While a �'Justification Factor" approach can be used, many more elements should be added to it.
The most important omission concerns the desirability of matching energy production to energy demand. Energy production from burning waste is normally an auxiliary to the production of heat from fossil fuel (whether for steam, cogeneration or straight electricity production). As a result, energy from waste is being used more and more on a flexible production basis, parti cularly to match and shave peaks of demand when fossil fuel would normally be used most heavily. It was not the intent of our paper to put forth design and operational technicalities in anything more than a "broad-brush" manner. Thus, the technical points brought out by Mr. Hofmann are all acknowledged and generally agreed to. One exception is the figure of 1500 lb/hr as a minimum input rate with solid wastes. We are aware of cases where only 500 lb/hr of waste justified an incineration-heat recovery installation. The Btu value of the waste has a marked influence on the justification factor, as pointed out in the paper.
To Robert L. Merle
We agree fully that the variables given in our paper to produce the calculated "justification factors" are not the only matters to consider.
However, every plant and every waste generated will have its own peculiarities and we were only attempting to provide a relative measure of the justification factors involved.
